For a physiologically realistic range of joint motion and therefore range of muscle fiber lengths, only part of the force-length curve can be used in vivo; i.e., the section of the force-length curve that is expressed can vary. The purpose of this study was to determine the expressed section of the force-length relationship of the gastrocnemius for humans. Fourteen male and fourteen female subjects aged 18-27 performed maximal isometric plantar flexions in a Biodex dynamometer. Plantar flexion moments were recorded at five ankle angles: −15°, 0°, 15°, 30°, and 40°, with negative angles defined as dorsiflexion. These measurements were repeated for four randomly ordered knee angles over two testing sessions 4 to 10 days apart. The algorithm of Herzog and ter Keurs (1988a) was used to reconstruct the force-length curves of the biarticular gastrocnemius. Twenty-four subjects operated over the ascending limb, three operated over the descending limb, and one operated over the plateau region. The variation found suggests that large subject groups should be used to determine the extent of normal in vivo variability in this muscle property. The possible source of the variability is discussed in terms of parameters typically used in muscle models.
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In isolated preparations, the force-length relationship of muscle fibers is well established (Gordon et al., 1966) . At the sarcomere level, an approximately parabolic relationship is seen (Figure 1 ). However, in vivo the expressed section of the force-length relationship-that is, the section of the force-length curve that muscles operate over for the range of muscle lengths produced by a physiologically realistic joint range of motion-can include all or any part of this curve. Several studies have found that the expressed section of the curve can vary, and it may be the ascending, descending, or plateau region of the relationship (e.g., Mai & Lieber, 1990; Lieber & Fridén, 1998; Maganaris, 2001) . The expressed section of the force-length curve in vivo has functional consequences in terms of movement performance and control, and the importance of the effect may be different for different movements. Herzog and ter Keurs (1988a) presented the method used in the current study to determine the force-length curve of biarticular muscles in vivo. This technique has been applied to the rectus femoris (Herzog & ter Keurs, 1988b; Savelberg & Meijer, 2003) , to the biarticular hamstrings (Savelberg & Meijer, 2004) , and to the gastrocnemius (Herzog et al., 1991) . A model-based validation of the method showed that the sign of the gradient of the force-length relationship can be accurately determined using this method even in the presence of simulated noise to reproduce noise arising from various physiological sources (Winter & Challis, 2008) . Considerable variation in the section of the force-length curve that subjects operated over has been reported for the rectus femoris (Herzog & ter Keurs, 1988b; Savelberg & Meijer, 2003) ; however, no such variation has been determined for the gastrocnemius (Herzog et al., 1991; Maganaris, 2003) . This apparent lack of variation in the gastrocnemius is interesting given the amount of variation seen in the rectus femoris.
Previous studies of the expression of the force-length relationship of the gastrocnemius in vivo have used small groups of six to eight subjects (Herzog et al., 1991; Maganaris, 2003) . A larger group of subjects could allow the identification of greater variability or alternatively confirm this lack of variation in the expressed section of the force-length curve of the human gastrocnemius. Therefore, the purpose of this study was to determine for a group of 28 subjects the expressed section of the force-length curve for their gastrocnemius. Since sportspecific training may provoke an increase or decrease in the optimum fiber length (Lynn & Morgan, 1994) and therefore potentially a shift in what might be considered the normal operating range of this muscle, a nonspecifically trained subject pool was used. The findings are discussed in the light of the muscle model parameters required for a muscle operating over either the ascending limb or the descending limb of the force-length curve, and in terms of the possible physiological characteristics of the subjects.
Methods
Fourteen male and 14 female normally active subjects (mean ± SD for females: mass 62.4 kg ± 16.0, height 1.65 m ± 0.07, age 23.5 ± 2.3 years; males: mass 82.1 kg ± 11.4, height 1.78 m ± 0.07, age 23 ± 2.3 years) participated in this study. Subjects were not specifically trained for any sport, and had no history of injury of the right knee, ankle, or hip joints. Subjects gave written informed consent, and all methods were approved by the institutional review board.
After a 5-min cycle ergometer warm-up and three to four practice contractions, subjects performed maximal voluntary contractions on a Biodex III dynamometer, at five ankle angles (40°, 30°, and 15° of plantar flexion, and 0° and 15° of dorsiflexion) for a given knee angle (see Figure 2 for angle definitions). The knee angle was then changed and contractions were performed for the same five ankle angles at the new knee angle. The knee angles tested were 0°, 50°, 90°, 115° of flexion, with 0° defined as full extension. Subjects were allowed two efforts in each position and a 1-min rest between contractions. Care was taken to ensure that the dynamometer axis was correctly aligned with the ankle axis in each position before each trial. All bolts and moving parts on the dynamometer were checked and tightened and restraining straps were used around the toes, ankle, heel, knee, and thigh. Before each contraction, a baseline recording was taken to account for any passive moment exerted on the dynamometer. Testing was performed on two separate days, 4 to 10 days apart. The order of testing of the pairs of joint angles was presented in random order. The joint configurations tested at the start of the first session were repeated both at the end of the first session and during the second session. The joint configuration tested at the start of the second session was repeated at the end of the second session. These repeat measures permitted the examination of the influence of learning or fatigue on the results. The order of both the ankle and knee angles was randomized. The Biodex output was sampled at 100 Hz and filtered at 20 Hz, and the passive moment was subtracted from the peak moment.
The method used to reconstruct the force-length curves was based on the method of Herzog and ter Keurs (1988a) . The force in the Achilles tendon was computed from the peak active moment and the ankle moment arm. The equations of Grieve et al. (1978) were used to determine muscle length, and the moment arm at each knee and ankle joint configuration using the tendon excursion method (An et al., 1984) . The change in normalized gastrocnemius muscle length was computed as a change from the reference position, defined as a fully extended knee and a 0° (neutral) ankle angle. This means that a length that is shorter than the length of the muscle in the reference position is reported as a negative length and a length that is longer than the reference position length is reported as a positive length.
The method of Herzog and ter Keurs (1988a) ignores the influence of tendon elasticity; this method and assumption have been adopted by other researchers (e.g., Savelberg & Meijer, 2003) . Challis (2000) examined the influence of tendon elasticity on the force-length properties of muscles, and showed it did not alter the expressed section of the curve. Examining frog muscle in vivo Mai and Lieber (1990) ignored tendon elasticity and produced accurate representations of the muscle's action. This parsimonious approach was considered more reasonable than trying to estimate the amount of tendon stretch during the analyzed contractions; however, the effect of this assumption is reviewed in the discussion.
Robust regression techniques (Huber, 1996) were used to fit first-and second-order polynomials to each set of four forces measured at the same ankle angle, but at different knee angles. The second-order equation was selected as long as it produced a concave down curve. This step produced five curves, corresponding to different portions of the force-length curve, which overlapped in terms of the length change (Figure 3) . The polynomial for first data set was used to predict the force value of the first data point in the second set, and the force difference Figure 3 -Illustration of computation of gastrocnemius contribution to Achilles tendon force. For a given ankle angle, the change in Achilles tendon force with changing knee angle is due to a change in gastrocnemius length only. The lowest force representing the constant monoarticular contribution is subtracted, with the remaining curve representing a portion of the gastrocnemius forcelength curve.
was then subtracted from all the data points in this second set and was repeated for all subsequent sets (Figure 3) . Following this alignment, second-order polynomials were fitted to the entire data set. As a measure of goodness of fit, R 2 values were computed for each reconstructed curve. The expressed section for a muscle was identified using the location of the peak force within the analyzed range of fiber lengths. A muscle was identified as operating on the ascending limb if the peak force occurred at more than 60% of the way through the fiber lengths; a muscle was on the descending limb if the peak force occurred up to 40% of the way through; and a muscle was identified as operating on the plateau region if the peak force occurred between 40 and 60% of the range of fiber lengths.
The method of reconstructing the force-length curves relies in some part on the muscle moment arms predicted using the equations of Grieve et al. (1978) . The sensitivity of the reconstruction method to the moment arm used was assessed by comparing the section of the force-length relationship that a subject was predicted to operate over when using a fixed as opposed to a variable moment arm, and when the variable moment arm was increased by 15%.
Results
Twenty-four subjects operated over the ascending limb, three subjects operated over the descending limb, and one subject operated over the plateau region. The means and standard deviations for the subjects working on the ascending limb are shown in Figure 4a , and the subject operating over the plateau is shown in Figure 4b . For the three subjects that operated on the descending region of the force-length curve, the median curve is presented (Figure 4c ) since there is a low number of subjects in this group. The original moment-knee joint angle-ankle joint angle curves and the reconstructed force-length curves are shown for typical subjects operating over the ascending limb (Figure 5a ), and the descending limb (Figure 5b) . A good correspondence is shown between the original and reconstructed curves in all cases (R 2 values from 0.601 to 0.984, all p < .05).
The section of the force-length curve (i.e., ascending limb, descending limb, or plateau) that was predicted by the reconstruction algorithm did not change for any subject when the moment arm predicted by the equations of Grieve et al. (1978) was increased by 15%, or when a fixed moment arm was used instead of a variable moment arm (Figure 6 ).
Discussion
The majority of the subjects operated over the ascending limb under maximal conditions, though this was not the case for all subjects. Other studies of the expression of the force-length curve in vivo have also shown that some or all subjects may operate over the descending limb, for example, the brachioradialis (Lieber et al., 2005) , Figure 4 -The reconstructed force-length curves of the gastrocnemius: (a) mean (solid line) and standard deviation (dotted line) for the 24 subjects operating on the ascending limb of the force-length curve, (b) curve for the one subject operating over the plateau region of the force-length curve, and (c) median curve for the three subjects operating on the descending limb of the force-length curve.
extensor carpi radialis brevis and extensor carpi radialis longus (Lieber et al., 1997) , and the rectus femoris (Herzog & ter Keurs, 1988b) .
Operating over the ascending portion has the potential benefit that as the muscle reaches longer fiber lengths the force increases. For example, during upright stance this would be advantageous because with dorsiflexion gastrocnemius length increases, as does the moment required to return the body to an upright position (Winter et al., 1998) , though a recent study has shown that muscle recruitment for upright stance may not be as straightforward as this (Loram et al., 2004) .
There were four primary assumptions in the method used to reconstruct the force-length relationship: the production of maximum efforts during the voluntary contractions, the absence of co-contraction, the appropriateness of the moment arm used, and the correct recording of the moment produced by the dynamometer. Each of these assumptions will be examined in turn.
Fatigue and or learning effects could have influenced the measured ankle joint moments and therefore the Figure 5 -The reconstructed force-length curve of the gastrocnemius for (a) a typical subject operating over the ascending limb and (b) a typical subject operating over the descending limb of the force-length curve. reconstructed force-length curves. This potential problem was addressed in three ways. Pilot work showed that six normally active but nonspecifically trained subjects were able to perform the required number of contractions in this study without demonstrating fatigue effects. These subjects also showed no large increase in the peak moment as a result of familiarization once three to four practice contractions had been performed. The coefficient of variation for 20 maximum voluntary contractions performed in the same position was 4-7% for these subjects. Joint configurations tested at the start of the first session were repeated both at the end of the first session and during the second session to examine the influence of learning or fatigue. In only 7 of the 56 test sessions (28 subjects tested over two sessions) was there a change in the measured moment of greater than 10%. To examine whether such a reduction could have had an influence on the results, the data from a subset of the subjects were randomly perturbated so that the magnitude of five points of their moment data were reduced by 10%: the identified section of the force-length curve remained the same under this perturbation, and these findings confirm the outcome of the model-based validation of the method (Winter & Challis, 2008) . Such changes in activation of the muscles could be muscle length-specific, so the same perturbations were performed but this time for the extremes of the muscle lengths analyzed and the same sections of the force-length curve were identified.
Co-contraction of the dorsiflexors would reduce the active moment recorded, and this would affect the reconstruction of the force-length curve. However, a pilot study using electromyography indicated that there was minimal tibialis anterior and peroneal activation during maximal plantar flexion contractions in young healthy nonspecifically trained subjects when the foot, ankle, knee, and thigh was immobilized in the dynamometer in the positions used in this study.
The method of reconstructing the force-length curves relies in some part on the muscle moment arms predicted using the equations of Grieve et al. (1978) . Most approximations of the gastrocnemius moment arms at the knee and ankle are linear (Grieve et al., 1978; Hawkins & Hull, 1990; Visser et al., 1990 ) so the effect of a larger moment arm would be a roughly constant offset throughout the range of motion. This would mean that the reconstructed force-length curve has a systematic bias that would affect the maximum force but not the sign of the gradient; that is, this would not shift an individual from one limb onto the other. Since the method does not attempt to predict the maximum force, this bias would not affect the outcome of these results. The section of the force-length curve that was predicted by the reconstruction algorithm for the subjects in this study did not change when the size of the moment arm was increased, or when a fixed moment arm was used instead of a variable moment arm ( Figure 6 ); this lack of sensitivity to the Achilles tendon moment arm mirrors the findings of Out et al. (1996) . Arampatzis et al. (2005) found that the plantar flexion moment measured using a Biodex dynamometer differed from that measured using a motion analysis system and a pressure distribution insole. The difference between the dynamometer moment and the resultant joint moment was the same at different ankle joint angles, suggesting that a systematic difference is present. Any systematic error in the moment recorded would affect all of the data points equally, and therefore would not alter the identified section of the force-length curve.
Of the large group of subjects tested (n = 28) in this study, only a small number were found to operate over the descending limb. This represents a higher degree of consistency in the expressed section of the force-length curve for the gastrocnemius than has been seen in studies for the rectus femoris (Herzog & ter Keurs, 1988b; Savelberg & Meijer, 2003) and differs from previous studies of the gastrocnemius (Herzog et al., 1991) . Using a model of the triceps surae based on that of Out et al. (1996) , it was determined that a gastrocnemius muscle can be constructed, using physiologically realistic parameters, that operates over the ascending or descending limb depending on the values used for the model parameters (Winter & Challis, 2008) . The critical model parameters that determined whether the muscle operated over the ascending or descending limb for physiologically realistic joint ranges of motion were (a) the length of the muscle fibers in the reference position (L F,REF ), (b) the relative lengths of the tendon slack length and the muscle fiber optimum length expressed as a ratio (L T,SLACK : L F,OPT ), and (c) the tendon extension at the maximum force produced at the optimum length. The first parameter dictates the center of the range of muscle-tendon complex lengths used throughout the range of motion, and the other two parameters dictate how much of the change in length of the muscle-tendon complex is due to the tendon extension and how much is due to the change in muscle fiber length (Challis, 2000) .
Variability in the L F,REF parameter alters the length of the muscle-tendon complex. Variability in the length of the muscle-tendon complex could arise in vivo as a result of interindividual variation in various aspects of musculoskeletal geometry, specifically differences in the muscle attachment site such that the muscle origin or insertion lies further from a given joint center. An example of this is the variation in the location of the gastrocnemius femoral attachment site shown by Duda et al. (1996) .
Variability in the L T,SLACK : L F,OPT parameter could arise either due to genetic differences between individuals in the relative lengths of L T,SLACK and L F,OPT or as a result of training. A number of studies have shown that changes in sarcomere number, and thus muscle optimum length can arise as a consequence of different demands being placed on muscle (e.g., Koh & Herzog, 1998; Williams et al., 1999) .
When generating the models of the two gastrocnemius muscles operating over the ascending and descending limbs (Winter & Challis, 2008) , it was found that only a small shift in the expressed section could be achieved by Figure 6 -The effect on the reconstructed force-length curve of using (a) a fixed moment arm, (b) the moment arm predicted using the equations of Grieve et al. (1978) , and (c) the moment arm predicted by Grieve et al. (1978) increased by 15%.
changing the value of the L T,SLACK : L F,OPT parameter. This is due to the relative lengths of the gastrocnemius muscle fibers and its tendon. For a given range of muscle-tendon complex lengths, a higher ratio L T,SLACK : L F,OPT (longer tendon, shorter muscle fibers) will produce a muscle operating over the descending limb since the short muscle fibers will tend to operate at longer relative lengths, and a lower ratio L T,SLACK : L F,OPT (shorter tendon, longer muscle fibers) will produce a muscle operating over the ascending limb since the longer fibers will operate at shorter relative lengths. However, the typical ratios of L T,SLACK : L F,OPT for this muscle (e.g., Out et al., 1996) are already high, and raising the ratio further would make the muscle fibers were so short that they reach the maximum length before the limit of the range of motion of the joints. Decreasing the ratio produced fibers that were much longer than the lengths reported for the gastrocnemius muscle (e.g., Maganaris et al., 2006) . It may be that variability in the expressed section of the force-length curve for the gastrocnemius arises due to in vivo variation in the lengths of the muscle-tendon complex due to attachment site variability rather than due to variation in the ratio L T,SLACK : L F,OPT since this latter parameter seems to be fairly constrained for the gastrocnemius muscle.
Many models of human movement use Hill muscle models that include force-length relationships, forcevelocity relationships, activation dynamics, and a series elastic component. These models have been successful in lending insight into human movement, but the current study indicates that there can be variability between subjects in the expressed section of their force-length curve. It may be important for certain activities and certain populations to account for these individual variations if appropriate insight is to be gained (Huijing, 1998) . There are methods (e.g., magnetic resonance imaging and ultrasound) available for in vivo estimation of muscle model parameters, such as fiber length, muscle moment arms, and cross-sectional area, that given knowledge of the expressed section of the force-length curve can provide better estimates of muscle parameters in vivo, and then hopefully greater insight. Winter and Challis (2008) have demonstrated how knowledge of the expressed section for a biarticular muscle, and other physiological parameters, can be used to construct a muscle model for which only one limb of the force-length curve is used.
In summary, this study has demonstrated that there is variation in the expressed section of the force-length relationship for the gastrocnemius such that 24 nonspecifically trained subjects were found to operate over the ascending limb, one operated over the plateau, and three operated over the descending limb for physiologically realistic ranges of muscle fiber lengths. The potential underlying sources of this variability in terms of musculoskeletal geometry have been discussed. The forcelength relationship is an important characteristic of many muscle models used for the study of human movement, and it is likely that the variability in the expression of the force-length relationship in vivo has implications for the applicability of such models to individuals.
